Dams for water supply usually represent an untapped hydroelectric potential. It is a small energetic potential, in most situations, usually requiring a particular solution to be viable. The use of pumps as power turbines often represents an alternative that enables the power generation in hydraulic structures already in operation, as is the case of dams in water supply systems. This potential can be exploited in conjunction with the implementation of PV modules on the water surface, installed on floating structures, both operating in a hydro PV hybrid system. The floating structure can also contribute to reducing the evaporation of water and providing a small increase in hydroelectric power available. This paper presents a pre-feasibility study for implementation of a hydroelectric power plant and PV modules on floating structures in the reservoir formed by the dam of Val de Serra, in southern Brazil. The dam is operated to provide drinking water to about 60% of the population of the city of Santa Maria, in the state of Rio Grande do Sul, in southern Brazil. The pre-feasibility study conducted with Homer software, version Legacy, indicated that the hydroelectric plant with a capacity of 227 kW can operate together with 60 kW of PV modules. This combination will result (in one of the configurations considered) in an initial cost of USD$ 1715.83 per kW installed and a cost of energy of USD$ 0.059/kWh.
Introduction
Brazil is experiencing a time of uncertainty about the ability of the interconnected system to meet the demands of consumers for electricity. On the one hand, the pressures exerted by the economy, with an advertised and encouraged growth but not yet materialized in fact in all its possibilities. On the other hand, investments in the expansion and maintenance of installed capacity, faced with a scenario of little flexibility in achieving the necessary projects.
In this scenario, it is important to ensure a reasonable increase of installed capacity to the grid, especially when potential that are available and not used can be added to the system with simplified and fast work can be identified. Dams for water supply have reasonable storage capacity and are already in operation, making feasible the necessary investments for the implementation of micro and small scale hydropower plants.
The area flooded by the dam can also be utilized for the installation of a photovoltaic power plant. In many sites, the shading provided by the photovoltaic modules is seen as a negative point. In a dam for water supply, installing the photovoltaic modules would result in the reduction of water evaporation and a possible increase in the amount of water available for power generation, depending on local conditions.
A hybrid system constituted in this way, a hydro PV hybrid system, might seem unfeasible. A hydroelectric power plant implemented in an existing dam may represent a set of unsurpassable obstacles. The use of photovoltaic modules always seems to bump into excessively high initial costs. However, such a hybrid system has been studied for some time and these apparent difficulties can at least partially be overcome.
It's been over a decade; [1] described the ten years of a PV micro hydro hybrid system in Indonesia. Reference [2] also considered hydro PV hybrid systems for off grid rural electrification of Ethiopia. Reference [3] evaluated the feasibility of PV pico hydro systems for electrification in Cameroon. Reference [4] analyzed with Homer a PV micro hydro system that can be considered as a reference also for electrification of Cameroon.
Reference [5] does not consider hydro PV hybrid systems, but presents an interesting comparison between hydroelectric and PV ystems. Reference [6] evaluates the hydrogen production integrated with a hydro PV hybrid system in micro scale. Margeta and Glasnovic [7] evaluate a concept of hydro PV hybrid system in which photovoltaic modules create temporary flow rate for a hydroelectric power plant.
Referring to hydro PV hybrid systems, [8] present some general comments and evaluate some effects of possible complementarity between solar and hydroelectric resources. Subsequent works, [9] [10], explore the influence of energetic complementarity in time on the performance of hydro photovoltaic hybrid systems. A site with good complementarity in time between energy resources can lead to a hybrid system with less installed power and consequently lower costs.
Reference [11] evaluates the use of a PV system and a hydroelectric plant with reservoir to raise the capacity factor of the PV system. This idea has been explored in several research projects. Margeta and Glasnovic [12] evaluate the applicability of a concept in which photovoltaics and hydroelectric systems would be operated as hydro PV hybrid systems throughout Europe, based on energy storage in the hydraulic way.
Following this line of reasoning, leading to the natural growth of the use of photovoltaic modules, [13] evaluate the limit of solar penetration in interconnected systems. Reference [14] analyzes the growth of production of photovoltaic modules and presents interesting comments on how this growth should be accompanied with the appropriate incentives and regulations.
Glasnovic et al. [15] proposed a hydroelectric solar thermal hybrid system intending to overcome seasonal minimum energy availability, but would contribute mainly to raise the capacity factor of the solar thermal system. Glasnovic and Margeta [16] proposed a systematic alternative to obtaining energy supplies from systems with energy storage in hydroelectric reversible plants, in joint operation with other renewable resources.
This paper presents a pre-feasibility study of a hydro PV hybrid system to be installed at a dam for water supply in southern Brazil. The focus of the paper is to identify conditions mainly relating to components of photovoltaic installment, for which the system becomes feasible. The dam considered in the study is the dam of Val de Serra, in Santa Maria, in southern Brazil. This dam will be described in the next section.
In addition, the paper considers the installation of the photovoltaic modules in floating devices, possibly reducing evaporation and possibly increasing the amount of water available for generating power. The sections on power generation at a dam for water supply and the proposed hybrid system, below, discusses in more detail the adaptation of these hydraulic structures for power generation and the use of photovoltaic modules on floating structures.
Method of Analysis
The focus of this work is a dam used for water supply. This dam has been used only for water supply and the starting point of the work is the design of a power plant for harnessing the hydroelectric potential. The next section describes this dam and the following section discusses the power generation in water supply dams.
The feasibility study of a hydro PV hybrid system to be installed in this dam will be made with the use of the Homer software, Legacy version. This software can be learned with great ease and short time periods, with universal access at no cost. Section 5 presents the proposed system and Section 6 discusses the simulations with Homer.
It is worth noting that Homer software presents a space with optimal solutions to the problem being studied. However, a strong reason for its use is the way Homer performs the calculations and displays the results. Thus, the final solution may be chosen from the optimal solutions, and also considering the solutions that have not been selected as optimal solutions.
Finally, Section 7 then presents and discusses the results and section 8 reports the conclusions.
The Val de Serra Dam
The Figure 2 shows the structure of energy dissipation. Figure 3 shows a view of the lake formed by the dam. The drainage area contributing to the reservoir is 49.4 km 2 and total useful volume is 23 million cubic meters. The reservoir is in the area of influence of a subtropical climate with an average annual temperature of 22˚C, with maximum temperatures exceeding 30˚C and minimum temperatures below 5˚C. November is the least rainy month and June, September and October are the rainiest months.
The mean flow is regulated by a booster valve type Howell Bunger [23] , with a nominal diameter of 600 mm. This valve has a fixed aperture to maintain constant flow equal to 1.25 m 3 /s. The water level in the dam will vary over the year as that shown in Figure 4 . These data were supplied by the utility company and were obtained with sensors installed on site with data acquisition every 5 minutes. 
Power Generation at a Dam for Water Supply
The water supply dams are usually designed with the sole purpose of reservation of water, mainly because of the usually small hydroelectric potential. Thus, the hydraulic structures are often designed to vent the necessary amounts of water, showing no appropriate structures for water adduction, machine room and returning water to the river. Moreover, they are operated in a simpler way, maintaining a constant flow, unlike hydroelectric plants.
The use of these structures in order to obtain energy supplies requires a solution with technical and economic commitment. The design of a conventional power plant will surely lead to infeasibility. It is necessary to devise an approach based on opportunity cost solution. That is why the use of pumps as turbines shown as the best solution for its simplicity and cost advantage over conventional turbines, without significant reduction in efficiency.
The adaptation of supply dams for power generation then require a change in design of water adduction, enabling installation of energy conversion machines where before there was an outlet valve. Moreover, it is necessary to design the installation of hydraulic machines and assembly of power conversion equipment, a living engine, a hydraulic structure that receives the water after its passage through hydraulic machine and then route the water to the riverbed.
The use of pumps as power turbines are already studied for several decades [24] [25] and is always considered as an alternative to electrification with lower costs [26] [27] . An idea that arose from the use of pumps as turbines for pressure recovery, still a subject of research [28] , and that follows awakening interest for being an unconventional solution [29] [30].
The Proposed Hydro PV Hybrid System
Val de Serra has an untapped potential of about 260 kW, hardly feasible with a conventional hydroelectric project but feasible with a design based on the use of pumps as turbines. The area flooded by the dam would suggest the use of PV modules to compose a hybrid system. The modules should be installed on floating device and its use contribute to reducing the evaporation of water from the reservoir. The hybrid system thus obtained is shown schematically in Figure 5 .
The hydro power plant to be installed will have three centrifugal pumps for operation at 16.2 m, 1125 m 3 /h and 880 rpm, used as power turbines [31] . The engine room will be located at the base of the dam. The hydraulic machines will be installed at the end of the pipe that currently leads to the Howell Bunger water valve (cited above). These pumps will be connected by a shaft to electrical machines, which will be connected to the grid. The PV module assembly will be installed on floating structures, as recently suggested by [32] [33] . They propose and test a system with polyethylene floating modules that occupy an area that would not be used in a better way and that also contribute reducing evaporation. This study has not yet detailed the floating structures, having been restricted so far to the question of economic feasibility.
The reservoir has a relatively large area and full coverage would lead to a photovoltaic generator with an installed capacity of just over 100 MW. As the hydroelectric potential is much smaller, it was decided to consider in this study photovoltaic panels that add power comparable to the power of the proposed hydroelectric power plant. Thus, floating structures with installed capacity of 60 kW were considered in the simulations.
In addition to these components, there is still a connection to the grid and the converter. The connection to the grid is used together with the consumer load to simulate the power supply to be inserted in the interconnected system. The converter operates only as an inverter, allowing current flow from the dc bus to the ac bus. Energy storage was not considered in this study. The converter operates with an efficiency of 92% with a expected lifespan of 10 years.
Simulations with Homer
Homer [34] is a software for optimization of hybrid systems on micro and small scale. It was originally developed by National Renewable Energy Laboratory (NREL) and is available for universal access in its Legacy version. Homer simulates a system for power generation over the time period of 25 years at intervals of 60 minutes, presenting the results for a period of one year [35] [36] .
PV modules with costs between US$ 4000/kW and USD$ 2000/kW were considered. The installation of floating structures, as suggested by [32] [33], raise the cost by 30%. Figure 6 shows the solar radiation incident The operation of Val de Serra as a plant is a little different from a normal plant: height undergoes variation as the flow rate remains approximately constant. In fact, the flow also varies, as it consists in a reservoir being emptied, but this variation is small and was neglected. The hydroelectric plant will then have a flow of 1.25 m 3 /s and a variable height (Figure 4) . Thus, for simulation purposes, it was considered a height of 29.6 m and flow rates were then calculated again. Figure 7 then shows the values used for the flow rate.
The data shown in Figure 6 and Figure 7 suggest a complementarity in time equal to 0.16 between hydropower and solar energy. The map presented by [37] suggests a much greater complementarity, between 0.8 and 1.0. This difference is due to the consumption profile of the population served with the water stored in the reservoir. This case study clearly shows the influence of a reservoir that has no duties with power generation on energetic complementarity.
The design flow for sizing equipment was 1118.25 liters per second, the flow rate with 95% permanency, with equipment having efficiency of 80%. Implementation costs of the hydroelectric power plant were estimated at US$ 240,000. The life time was estimated at 25 years. The operation and maintenance as well as replacement costs of a plant equipped with pumps as turbines are approximately equal to those of a traditional plant.
The installation of floating structures alter evaporation of the water stored in the reservoir. Evaluation of evaporation was performed by traditional methods [38] , with the search for time series data obtained by any instrument near the reservoir region. Figure 8 shows the annual series of evaporation obtained for this work [39] . In the case of PV modules on 100% of the flooded area, values of Figure 8 should be added cumulatively to the data of Figure 7 . The results would be very similar to the values of Figure 7 , with about only 3% more energy.
Simulations with the system of Figure 5 , with the PV modules assembled on floating structures installed over the flooded surface of the reservoir, were performed. A set of 2,160,000 simulations were performed, with 300 values for optimization variables and 1440 values for sensitivity variables, repeated five times. Approximately 35% of the simulations result in feasible solutions or unfeasible solutions for technical issues; the other solutions correspond to non-viable combinations of the variables considered in the simulations.
The optimization variables considered were the following: 0 kW, 60 kW, 120 kW, 180 kW and 240 kW for PV array capacity; 0 kW, 60 kW, 120 kW, 180 kW and 240 kW for converter capacity and 0 kW, 60 kW, 120 kW, 180 kW, 240 kW and 300 kW for grid sales capacity.
The sensitivity inputs were the following: 6000 kWh/d, 6500 kWh/d, 7000 kWh/d, 7500 kWh/d and 8000 kWh/d for AC Load; 0 kW, 30 kW, 60 kW or 90 kW for grid capacity; 0.0%, 2.0%, 4.0%, 6.0%, 8.0% and 10.0% for maximum annual capacity shortage.
The sensitivity inputs also included USD$ 0.160/kWh, USD$ 0.240/kWh, USD$ 0.360/kWh for off peak energy price and USD$ 0.080/kWh, USD$ 0.120/kWh, USD$ 0.180/kWh for off peak energy sellback price, these two linked; 0.85, 1.00, 1.15, 1.30 for PV capital cost multiplier, for PV replacement cost multiplier and operation and maintenance cost multiplier, these three linked. All these calculations were repeated for the values of USD$ 2000.00/kW, USD$ 2500.00/kW, USD$ 3000.00/ kW, USD$ 3500.00/kW and USD$ 4000.00/kW of PV modules.
Results and Discussion
First, the optimization results provided by Homer should be analyzed. The simulations for lower energy costs obtained from the grid and higher PV modules acquisition costs always result solely in solutions composed of hydroelectric power plant and connection to the grid. The results including photovoltaic modules appear only for PV modules at USD$ 2500.00/kW and USD$ 2000.00/kW and at USD$ 0.24/kWh and USD$ 0.32/kWh. In a strict point of view, the optimal solutions provided by Homer does not include PV modules. Figure 9 shows the optimization space for the PV capital cost multiplier as a function of the load, for the system of Figure 5 without selling surplus energy to the grid, with power dispatch so there are no failures in the supply of energy to consumers, with PV modules acquired by USD$ 2500.00/kW. The results indicate two combinations of components: connection to the grid and hydroelectric plant with or without photovoltaic modules. The lowest demand and highest PV capital cost multiplier are met with hydro and grid while larger demands are met with hydro PV hybrid system, also connected to the grid. Figure 10 and Figure 11 show the optimization space for the PV capital cost multiplier as a function of the load for the same system without selling surplus energy to the grid, with power dispatch so there are no failures in the supply of energy to consumers, with photovoltaic modules acquired by USD$ 2000.00/kW. Figure 12 shows the optimization space for the photovoltaic modules capital cost multiplier as a function of the load for this same system with excess energy sold to the grid. Along these figures, the same combinations of components appear with a clear increase in the number of solutions including photovoltaic modules.
The range of the photovoltaic capital cost multiplier values were chosen because the installation of floating structures represents an increase of 30% in costs (as suggested by [32] [33] ). The results point out a change in slope of the separation line between the two different solutions in the optimization space.
It is obviously easier to reduce costs of floating structures than PV modules costs. This change in slope occurs close to the value of 30% corresponding to the increase in costs due to floating structures, suggesting a reduction in these structures costs can be decisive to include PV modules among the viable solutions.
This change in slope is defined by the relationship between capital costs and operating and maintenance costs. This change clearly presses the cost of the PV modules downward so that the system can be feasible. The smaller the number of PV modules, the greater will be the need for purchasing energy from the grid. Figure 13 shows the system of Figure 12 simulated with 8% failure in the power supply. In this case, the optimization space finally presents solutions including PV modules for the PV capital cost multiplier equal to 1.3. The solutions including PV modules appear nearest to the load of 7000 kWh/day, but the optimal solutions at the top of the chart show costs very close to the costs of the "non optimal" solutions, suggesting its feasibility. In a second stage of analysis, "not so optimal" but still possibly appropriate solutions can be found among the other results provided by Homer. Figure 14 shows the results provided by Homer to 7000 kWh per day, PV capital cost multiplier equal to 1.3, USD$ 0.32 per kWh from the grid and a grid sale capacity of 90 kW, corresponding to the PV capital costs equal to, from top to bottom, USD$ 2000/kW, USD$ 2500/kW, USD$ 3000/ kW, USD$ 3500/kW and USD$ 4000/kW.
Solutions in the second lines in all five excerpts from Homer results screen, shown in Figure 14 , indicate a combination of hydroelectric power plant of 227 kW and a photovoltaic generator with 60 kW. These solutions showed cost of energy with values ranging between USD$ 0.080/kWh and USD$ 0.090/kWh with a renewable fraction equal to 0.84. Figure 15 shows initial costs, above, and cost of energy, below, as a function of PV capital cost for this system with 227 kW hydropower and 60 kW photovoltaic. Below, there is curves for power acquired from the grid at USD$ 0.32/kWh and USD$ 0.16/kWh. For power purchased from the grid at USD$ 0.16/kWh and PV modules at USD$ 3000/kW, closer to actual values, the initial cost will be USD$ 492,444 (or USD$ 1715.83/kW) 
Conclusions
This paper presented a pre feasibility study of a hydro PV hybrid system to be installed at the dam of Val de Serra, a dam for water supply in southern Brazil, aiming to identify conditions related to the components of PV generator for which the hybrid system becomes feasible. This paper considered the installation of PV modules on floating structures, but small, without influence on the evaporation of water from the reservoir or the amount of energy available.
The study was performed with the software Homer and results in a more conservative point of view indicated that it is not feasible to install the PV modules. However, an analysis of the "non optimal" solutions provided by Homer can identify a configuration that would present a cost slightly higher than the cost of only hydroelectric plant.
For this "non optimal" solution, for power purchased from the grid at USD$ 0.16/kWh and PV modules at USD$ 3000/kW, closer to actual values, the initial cost will be USD$ 492,444 (or USD$ 1715.83/kW) and the cost of energy will be USD$ 0.059/kWh. This solution was considered acceptable and it is the final outcome of this study. energy, which resulted, among other things, in this article. Specifically, the third author would like to thank the partial financial support provided by CNPq through a support grant for research productivity.
